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ABSTRACT
The fluorescence and phosphorescence of photomultiplier window materials
under electron irradiation have been investigated using a Sr 90 - y 90 beta-emitter
as the electron source. Spectral emission curves of uv-grade, optical-grade
and electron-irradiated samples of MgF 2 and LiF, and of CaF 2, BaF 2 , Sapphire,
Fused Silica, and uv-transmitting glasses were obtained over the spectral range
of 200nm to 650nm. Fluorescence yields, expressed as the number of counts
in a solid angle of 27 steradian per 1 MeV of incident electron energy deposited
(MeV-1 (27r ster)- ), were determined on these materials utilizing photomultiplier
tubes with cesium telluride, bialkali, and trialkali (S-20) photocathodes, respec-
tively. Typical yields observed withia uv/visible,sensitive bialkali cathode.range
from 10 MeV- 1 (27 ster)-. for uv-grade MgF 2 to 200 MeV- 1 (2r ster)-l for CaF 2.
For comparison, sodium-activated cesium iodide, one of the most efficient
scintillator materials, yields about 700 MeV-1 (27 ster)- . High-purity fused
silica has the lowest yield, approximately 6 MeV-1 (27r ster)-l'. Optical-grade
MgF 2 and LiF, as well as electron-irradiated uv-grade samples of these two
materials show enhanced fluorescence due to color-center formation and
3associated emission bands in the blue and red wavelength regions. Large varia-
tions in fluorescence intensities were found :in uv-grade sapphire samples of dif-
ferent origins, particularly in the red end of the spectrum, presumably due to
various amounts of chromium-ion content. Phosphorescence decay with time
is best described by a sum of exponential terms, with time constants ranging
from a few minutes to several days.
Phosphorescence intensity expressed as a fraction of the steady-state
fluorescence intensity is an extremely sensitive measure of crystalline perfection
and purity. This fraction ranges from a high of =10 - 2 for some fluoride samples
to a low of <2 x 10 - 6 for fused silica. Application of the parameters obtained
in this work to the analysis of recent flight observations on low light-level
experiments yield good quantitative agreement with flight data from OAO-3 and
OSO-7.
4I. INTRODUCTION
Low light-level experiments and sensors carried on spacecraft and operating
in the ultraviolet and visible regions at count rates, N, of 102 CN 
106 counts
per second have shown saturation* while passing through 
the South-Atlantic
Anomaly (SAA) and considerably enhanced dark count rates for long periods of
time after passage through the SAA. The South-Atlantic Anomaly is a 
region of
increased, altitude dependent, electron and proton fluxes with fluxes ranging for
electrons up to >10 6 cm - 2 se e - 1 and for protons up to >104 cm
- 2 se c - '. 1 Well
over 90% of the electrons have energies less than 2 MeV and most of the protons
have energies less than 5 MeV. However, the tails of the energy distributions
extend to >4 MeV for electrons and >100 MeV for protons, respectively. On
OSO-7, for example, the Star Scanner, which utilizes a photomultiplier tube
having a trialkali (E-type or -S-20) photocathode and a Corning glass 7056
faceplate, and normally operates at signal count rates of approximately 
2 x 105
sec - 1, goes into saturation; i. e., the rate increases to >5 x 10
s sec- 1 while
going through the region of maximum particle flux. 
2 Because of the relatively
high signal count rates and the high thermal dark counts associated 
with trialkali
cathodes, however, enhanced dark count rates after passage through the SAA do
not seem to be a problem in this case. On the OAO-3 (Copernicus) Princeton
Experimental Package (PEP), on the other hand, in addition to saturation,
*"saturation" means that the count rate exceeds the dynamic range of the pulse counting electronics.
anomalously high dark count rates of the order of 200 to 300 sec - 1 were encoun-
tered on uv/visible photomultipliers with bialkali (N-type) cathodes and MgF 2
windows for long periods after passing through the SAA. 3 It was also noted that
dark count rates slowly diminished with time. Because of the low signal count
rates of this experiment, (- 102 sec - ') and low thermal dark counts, these effects
seriously compromise photometric accuracy if not taken into account.
It is thought that fluorescence of the photomultiplier window materials
under energetic particle irradiation and subsequent slow decay (phosphorescence)
are responsible for saturation and time-dependent dark counts, respectively.
In the present publication, we report our results of fluorescence and phos-
phorescence measurements on various photomultiplier window materials under
electron irradiation from a Sr 9 o- Y 9 0 beta source. Based on these results, we
present our interpretation of flight observations together with recommendations
for proper selection of window materials and shielding requirements for critical
low light level experiments in space flight applications.
II. EXPERIMENTS
Objective
In order to characterize the luminescence properties of optical window
materials under electron irradiation, the laboratory experiments were designed
(1) to obtain the spectral distribution of fluorescence emission under steady-
state condition, i. e., while the sample is being irradiated; (2) to measure the
fluorescence efficiency, or yield, i. e., the number of photons emitted, over a
spectral interval of interest, per unit energy loss per electron; 
and (3) to measure
the long-term time decay of phosphorescence after irradiation.
Materials
Table I lists window materials commonly used on vacuum-uv, uv, and visible
photomultiplier tubes. The values given for the short-wavelength cut-off 
and
50% transmission points, respectively, are representative of the highest quality
commercial materials available today. It is well known that these parameters
are sensitive to purity and crystalline perfection of the materials. Therefore,
we have included in our investigation samples of the materials listed in Table I
of highest purity and perfection (uv-grade) as well as "optical-grade" samples
of various materials, as far as they were available, in order to demonstrate
the effect of material quality on the fluorescence and phosphorescence properties
in question. In addition, uv-grade samples of MgF 2 and LiF were irradiated
with 1-MeV electrons at fluences of up to 2 x 1013 e-cm-2 in order to study the
effects of radiation damage on intensity and spectral distribution of optical emission.
Apparatus and Procedure
Electron Source
A 0. 8 millicurie* Sr 9 0 - Y9 0 beta emitter having a circular active area of
0. 28 cm 2 was used as the electron source. The maximum beta energies are
*1 Curie = 3.7 x 1010 disintegrations sec - .
70.544 MeV and 2.23 MeV, respectively, for Sr 90 and Y9 0 , and the average beta
energies are 0. 194 MeV and 0. 92 MeV, respectively. The composite beta spec-
trum for the Sr 90 _ 90 equilibrium mixture is shown in Figure 1.
Measurements
In order to cover a wide spectral range, three photomultiplier tubes with
different spectral response curves, as shown in Figure 2, were used. They
were operated in the photon-counting mode in conjunction ith a SSR-Model
1105 Photon Counter. For steady-state measurements the beta source was
placed directly onto the sample to be measured at a fixed distance from the
photomultiplier tube, as schematically shown in Figure 3. Spectral intervals
were defined by the use of various cut-on filters, such as fused silica (X 50% =
200 nm), Corning glass filter 9-54 (240 nm), Corning 7056 glass (310 nm), Lucite
(350 nm), and a series of multi-layer interference filters ranging from 400 nm
to 650 nm in 50 nm intervals. Background counts due to high-energy betas
passing through the sample and filters, and/or due to fluorescence from the
filter, werd determined by placing a 50im thick (13. 5 mg cm- 2 ) aluminum foil
beneath the sample and filter, as also shown in Figure 3. The solid angle be-
tween sample and photomultiplier was kept well below 1. 5 ster (80-degree cone),
i. e., much smaller than the solid angle determined by total internal reflection
at the faces of the disc-shaped samples.
III. RESULTS AND DISCUSSION
Emission Spectra
Luminescence spectra obtained on uv-grade, optical-grade, and electron-
irradiated samples of MgF 2 are portrayed in Figure 4. Emission bands 
centered
at -225nm, -430nm and -600nm can be discerned in all samples, with 
the
position of the latter two bands being in good agreement with those observed 
by
others on electron and gamma-irradiated MgF 2 under uv-excitation. 4 
These
emission bands arise from color centers or lattice defects inherent in the crystal
or created by electron or gamma irradiation. As expected, these bands are
weakest in unirradiated uv-grade material, stronger in optical-grade material
and noticably enhanced after prolonged electron irradiation.
Lithium fluoride (Fig. 5) also emits over the whole spectral region, from
its, uv cut-off to the long wavelength limit of our experimental set-up ("650 nm).
Emission bands can be distinguished at approximately 250 nm, 375 nm and 560 nm,
respectively. Electron irradiation enhances both the blue and the orange 
emission
bands, but depresses the uv emission by self-absorption in the 250nm absorption
band resulting from electron irradiation. (See insert in Fig. 5)
Oxygen ions substituting for fluorine ions in the crystal lattice are the most
common and most difficult to eliminate "impurity" in fluorides. To illustrate
the effect of such substitution, we have included in Figure 5 the emission and
transmission spectra of an intentionally oxygen-doped LiF sample. The drastic
9effect of oxygen substitution and of the lattice defect structure resulting from
this substitution on the fluorescence spectrum and intensity and on transmission
can be clearly seen.
Emission spectra of fused silica (SiO2) sapphire (Al 20 3), calcium fluoride
(CaF 2 ), and barium fluoride (BaF2 ) are shown in Figure 6. Overall, the emission
intensities of CaF 2 and BaF2 are considerably higher than those of MgF 2 and LiF and
little difference was found between samples of different origin and of presumably dif-
ferent quality in terms of purity and perfection. Considerable variation was,
however, encountered in the phosphorescence properties, as will be shown later.
Similarly, sapphire samples showed little variation in the short-wavelength por-
tion of the spectrum, but considerable differences were noted in the intensities
of the long-wavelength peak partially shown in Figure 6. We attribute this red
peak to chromium ions, the dopant intentionally used in Ruby (= A12 0 3 : Cr 3+),
which causes intense fluorescence centered at 690 nm.. As an impurity, chro-
mium is difficult to eliminate in aluminum oxide.
The emission intensities of fused silica and uv-transmitting glasses are
quite weak and little, if any, differences were noted in total intensity and in
spectral distribution between different samples of each material.
Luminescence Efficiency
Luminescence efficiency, e, under charged particle excitation is defined
as the ratio of specific luminescence, dL/dx, and specific energy loss of the
particle, dE/dx, i.e.,
dL
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For most phosphors, this (differential) efficiency is a function of the specific
energy loss, and has a rather flat maximum at 1MeV cm
2g - 1 <dE/dx < 100MeV
cm 2g-t .5 For the average energy of Sr90-Y
90 betas (= 0. 25MeV), the specific
energy loss of elections in the materials investigated 
here is of the order of
2 MeV cm 2g - 1 , i. e., in a range where dL/dE varies only little with energy.
For practical purposes, therefore, we assume dL/dE to 
be constant over the
energy range of Sr 9 0 -Y 9 0 betas and define our luminescence efficiency 
as
AL (2)
Ninc Eav
where Ninc is the number of electrons incident on the sample and Eav 
is the
average energy per electron absorbed in the sample. If the sample thickness,
t, is larger than the range, r (Emax), of electrons of maximum beta energy,
Emax, all betas are absorbed and the average energy 
absorbed in the sample is
equal to the average beta energy:
f E a E N(E) d E
Ea v , (3)
E f N(E) dE
where the beta energy distribution is normalized to unity per unit time, or
fmax
S N(E)dE =
For samples of thickness less than r (Emax) and an isotropically emitting
beta source, the variation of the electron path length, 2, with angle of incidence,
0, has to be taken into account; i.e., the fraction of electrons which lose less
than their total energy has to be considered. This fraction is contained in a
circular cone of half-angle 00, where 00 is the angle of incidence for which
t/cos 00 is equal to the electron range, r (Emax). For the energy interval,
between E and E + dE this fraction is given by S2/27r =1 - cos 0(E)= 1 - t/r(E),
where 2 is the solid angle of the cone.
The average energy loss of betas with the distribution function N(E) then
becomes:
Emax Em ax
E N(E) dE - E -(I- N(E)dE
SfE(r = t)
Eav (3a)
N(E) d E
Using energy-range tables for sapphire 6 and LiF and assuming that variations
of electron ranges expressed in mass per unit area (g cm- 2 ) for the materials
investigated here are insignificant within the overall accuracy of our experiment,
we have computed the average energy losses for Sr 90 -Y 90 betas for the individual
sample thicknesses and calculated the luminescence efficiences according to
Equation (2). In so doing, we have further assumed that the optical emission is
isotropic, i.e., spherically symmetrical*. Futhermore, in addition to geo-
metrical factors, the total light collected depends, of course,' on the spectral
*The validity of this assumption was verified by tilting samples to angles up to 700 with no noticeable
effect on observed count rate.
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response curve of the photomultiplier tube and its overlap with the spectral
emission of the various materials. It is impractical, therefore, to express AL
as a singular, normalized quantity. For this reason, we have expressed the
luminescence efficiency in units of counts in a solid angle of 27r ster per MeV of
absorbed electron energy and present the results in Table II for three different
photocathodes, namely a "solar-blind" CsTe cathode, a uv/visible sensitive
bialkali cathode and a red-sensitive trialkali (S-20) photocathode, respectively.
Their response curves were given in Figure 2. Also, for the sake of complete-
ness, we have converted these efficiencies into units of photons per 100 nm per
MeV, averaged over the bandpass of the respective photocathodes and over 41r
steradians.
In order to get a reasonable estimate of the degree of validity of the various as-
sumptions entering into the determination of efficiency values, we have included in
Table II the results of measurements performed on a plastic scintillator material, on
"undoped" cesium iodide, on sodium-activated CsI, and on thallium-activated CsI.
The scintillation properties of those materials have been studied extensively
5 and
total emitted energy
their "absolute" efficiencies, defined as eabs total absorbed energyseem to
be fairly well established. 5, 8 In the practice of scintillation counting, "absolute"
efficiencies of scintillator materials are determined by measuring their light-
output with a S-11 photocathode relative to that of a "standard" crystal of
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thallium-activiated sodium iodide for which an efficiency of 12 to 13 percent is
the generally accepted value. NaI(T1) emits in the blue, with a peak at - 410 nm,
and meaningful, efficiencies are obtained by this method for materials which
emit in the same spectral region, such as CsI, CsI(Na) and Plastics. However,
for materials whose peak emission occurs well outside of the S-11 response,
efficiencies obtained with S-ll cathodes relative to that of NaI(T1) are, although
of practical importance, not very meaningful from a fundamental point of view.
CsI(TL), for instance, has its emission peak at '560nm, and only a fraction
of the total emission is inside the S-11 response curve. Because of this spectral
mismatch, "standard" efficiencies for CsI(T1) are estimated to be about a factor
of 2 to 2. 5 lower than "true" efficiencies obtained with a better spectrally
matched photocathode and/or proper convolution of spectral emission and spec-
tral response curve of scintillator and photocathode, respectively. 9
Based on our experimentally obtained count rates and on photocathode
quantum efficiencies averaged over the spectral emission range of the various
scintillator materials, we have computed "absolute" efficiency values for the
four scintillators mentioned above and list the results in Table III, together
with those given in the literature. 5, 8 We observe reasonably good agreement
for the blue-emitting materials but considerable discrepancy for CsI(T1), as
expected. Good agreement, however, is also obtained here, if "true" rather
than "standard" absolute efficiencies are considered.
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In examining Table II, we note again significant differences between uv-grade
nles ad uopIIal-grade samples olgF2 and LiF, respectively, particularly in
the long uv and visible wavelength regions. The growth of the blue and red emission
bands with increasing electron dose is reflected in increased count rates obtained
on irradiated samples with the bialkali and S-20 photocathodes, respectively.
Small differences are noted between sapphire samples of different origin, and
presumably different purity, in the short uv and uv/visible range, but 
consider-
able variations are noted with the red-sensitive S-20 photocathode, supposedly
due to chromium impurities affecting the fluorescence peak near 700 nm, as
mentioned previously. Calcium fluoride and barium fluoride were available only
in optical-grade quality and very little difference was seen between samples 
of
different origin. Note, however, the significantly higher luminescence yields
over the entire spectral region in comparison to MgF 2 and LiF.
The luminescence yields of fused silica, uv-transmitting glasses, and
borosilicate glass are comparable to those of uv-grade MgF 2 and LiF in the uv/
visible region and significantly lower for red-sensitive cathodes, due to the rel-
ative weakness or absence of long-wavelength emission.
Time Decay of Phosphorescence
In all materials investigated here, with the exception of high-purity fused
silica, slowly decaying phosphorescence was observed after removal of the
beta excitation. Decay curves of various MgF 2 samples are presented in Figure 7
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in double logarithmic representation. All decay curves, except where noted
otherwise, were obtained after a 30-minute exposure to 0. 4 mCi of SR 90 -y 90 .
In good approximation, the time dependence of phosphorescence intensity can be
described by a sum of exponential terms,
Ip(t) = li exp - t-min(4)
where the time constants are characteristic of the material, and the absolute,
as well as relative, values of the amplitudes, Ii, are a function of the purity, or
quality, of the individual sample and of the total electron dose received by the
sample. This is illustrated in Table IV, which lists the decay parameters (Ii,
ri ) for the various samples of PMT window materials, obtained by fitting their
measured decay curves to decay functions of the form given in equation 4, with
one set of time constants for each material. As a measure of the goodness of,
fitobtained under this premise, we list the RMS errors associated with the time
constants, as well as a total error determined by the differences between the
measured points of the decay curves and the fits. With a few exceptions, errors
for the time constants are well:below ten percent and total errors are generally
less than twenty percent. Large errors are encountered in cases where'decay
rates are fast, or count rates are low, or both.
In examining Table IV, we note that for MgF 2 a minimum of three terms
with time constants of 4.4 minutes, 200 minutes and 3600 minutes, respectively
16
is required to describe the phosphorescence decay adequately, and that con-
siderable variations occur in the amplitude factors not only between optical
grade and uv-grade material, but also among uv-grade samples 
themselves.
It should be pointed out, however, that sample #2, exhibiting the most intense
phosphorescence, represents uv-grade quality as it was available 
about six to
seven years ago; whereas, the other MgF 2 samples were acquired recently.
Thus, the considerable improvement in material quality over this period 
of
time is illustrated by comparing the phosphorescence intensities of these two
classes of material.
Shorter periods of beta excitation (sample #2a) result in lower amplitudes
of the long time constant terms, whereas prolonged, intensive electron bom-
bardment (sample #6) leads to overall enhancement of phosphorescence intensity,
particularly of the long time constant component.
Typical decay curves of various other window materials are shown in Figure
8. LiF sample #1, representing uv quality material acquired about six years ago,
was monitored over a period of 200 hrs, thus allowing the determination of four
time constants of approximately 5 minutes, 20 minutes, 12 hrs and 93 hrs, re-
spectively (see Table IV). The improvement of material quality and perfection
achieved over the past years is also readily apparent by comparing present-day
optical-grade (LiF #2) and uv-grade (LiF #3) with sample #1. Calcium fluoride
and barium fluoride show more intense phosphorescence than MgF 2 and LiF, as
17
one might expect on the basis of their higher fluorescence yield. At least three
time constants govern their phosphorescence decay. They are approximately 2
minutes, 44 minutes and 580 minutes for BaF 2 and 2.6 minutes, 14 minutes and
150 minutes for CaF 2.
All five samples of sapphire listed in Table IV are of uv quality and the
wide range of phosphorescence intensity, comprising a factor of almost 10 3 , is
striking, particularly in view of the fact that the differentfation in luminescence
yield is notnearly as pronounced (see Table II). This observation applies equally
well to the fluorides reported on above. It is obvious that electron-induced
phosphorescence, or the lack of it, is a much more sensitive measure of crys-
talline perfection and purity than luminescence efficiency, optical density of
color center absorption bands, or uv cut-off. To illustrate this quantitatively,
we have tabulated, in Table V, the ratios of phosphorescence intensities at t = 1
minute to fluorescence intensities under steady-state electron excitation. These
ratios range from a low of < 2 x 10- 6 for high-purity fused silica to a high of
> 10-2 for optical-grade MgF 2 and BaF 2.
UV-transmitting glasses exhibit a suprisingly high ratio of 0. 5 x 10 - 3 to
1 x 10 - 3 . Their time-decay of phosphorescence (Fig. 8) is characterized by a
minimum of two. exponential terms of about equal amplitude and time constants
of approximately 4 minutes and 57 minutes.
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Additional Observations
It is generally agreed that phosphoresccnce in crystalline materials is due
to electrons and holes trapped at lattice defects, or trapping sites, and their
release to emitting centers by thermal agitation. Although it is neither intended
nor possible to identify the centers involved or to elucidate their phosphores-
cence kinetics within the scope of this investigation, we would like to include
some preliminary observations which seemingly illustrate the role of trapping
centers in the phosphorescence mechanisms. Thermoluminescence measure-
ments over the temperature range of 250C to 3000C, performed after Sr
90 
-y 9 0
beta irradiation, reveal well defined glow peaks in most materials. Four in
MgF 2 LiF, CaF 2, and BaF 2 ; two in sapphire; and two 
rather broad peaks in
Corning 9741 and Corning 7056 glass. The glow-peak temperatures are charac-
teristic of each material; however, the relative peak heights vary from sample
to sample as well as with electron dose. In some fluoride samples broad-band
uv excitation results in glow curves identical to those observed after beta irra-
diation. In others, fewer peaks are obtained after uv exposure than after beta
exposure. In the latter, certain traps populated by beta irradiation are emptied
by subsequent uv irradiation, i.e., phosphorescence induced by electrons is
quenched by uv.
These examples must suffice here to hint at possible relationships between
trap concentration and trap-depth on the one hand and intensity and time-decay
of phosphorescence on the other. Quantitative details remain to be investigated.
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Interpretation of Flight Observations
Based on peak flux densities and energy distributions for electrons and
protons as given by Stassinopoulosl0O for OSO orbits, we have calculated peak
count-rates for 2. 5 cm diameter PMTs, using a luminescence efficiency of
10 MeV -1 (27r ster)- 1 . Within the overall. accuracy of these calculations.the
results are equally valid for 7056 glass faceplates and S-20 photocathodes, and
bialkali cathodes on uv-grade MgF 2 or LiF of >1 mm thickness. The results
are presented in Figure 9, which shows the count-rates due to electrons and due
to protons as a function of effective shielding, expressed in millimeters of
aluminum. Several simplifying assumptions have been made in these calcula-
tions: (1) we have consideed normal incidence only, and (2) we have assumed
that the effect of the aluminum shielding on the energy spectrum of the transmit-
ted particle fluxes is approximated by a sharp cut-on at the energy for which the
thickness of the shielding equals, the range at that particular energy.. The re-
sulting over-estimate on transmitted flux is off-set somewhat by assuming an
energy indepeident, specific energy loss in the faceplate material of 0.4 MeV
per mm for electrons and 4 MeV per mm for protons, respectively.
For "moderate" shielding of <4 mm of aluminum, fluorescence induced
count-rates are predominantly due to electrons and are of the order of >8 x
105 sec- 1 , in good agreement with observations on the OSO-7 star scanner.
Flight data on the saturation count-rate on the Copernicus PEP Experiment are
not available for comparison. However, dark counts taken about 30 minutes
20
after passage through the SAA are known to be in the 150 to 350 sec - 1 range.
Turning to curves (1), (2), and (2a) of Figure 7, we extrapolate for t-1 min to
a count-rate of 2 x 10 3 sec - 1 < Ni < 8 x 103 sec 1 . Using a ratio of phosphor-
escence to fluorescence of <1 x 10-2 for "optical-grade" MgF 2 from Table V,
we obtain a saturation count-rate of 2 x 105 sec-1 < 14 8 x 105 sec-1, in rea-
sonable agreement with computed values for moderate shielding.
The effect of electrons decreases sharply with increasing shielding because
of the rapid decrease of electron flux beyond 4 MeV. Above an effective shielding
of >7 mm of aluminum, fluorescence count-rates are entirely due to protons
and diminish only slowly with increasingly heavier shielding.
IV. SUMMARY AND CONCLUSIONS
Fluorescence and phosphorescence of "state-of-the-art" photomultiplier
window materials under charged particle irradiation are of sufficient magnitude
to seriously impair low light level satellite experiments and sensors operating
in the uv and/or visible regions, both during and after passage through orbital
regions of enhanced high-energy charged particle flux. Luminescence efficien-
cies and time constants of phosphorescence decay determined in the laboratory
on uv-grade window materials in conjunction with uv/visible sensitive bialkali
photocathodes and visible-trialkali cathodes account for count-rates of 21 x
106 sec - 1 in the South Atlantic Anomaly as well as anomalously high dark count-
rates of 102 to 103 sec - 1 for periods of hours after passage through the SAA, in
good agreement with recent flight observations.
Analysis indicates that shielding of PMT faceplates against electrons of
energies up to 4 MeV will effectively reduce these count rates by about a factor
of 10, the residual rates then being due to high energy protons of E > 30 MeV,
for which shielding becomes impractical.
Laboratory measurements further indicate that substantial reduction of
phosphorescence emission can be realized by careful selection of high-purity
samples by means of a simple screening test based on the technique employed
in this work.
Phosphorescence intensity is considerably more sensitive to crystalline
perfection and purity than luminescence yield. It is highly probable, therefore,
that proper shielding and material selection will lower phosphorescence induced
dark count rates to acceptable levels. It remains doubtful, however, whether
count rates in the high flux regions resulting from luminescence induced by high
energy protons can be lowered to negligible levels.
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Table I
Photomultiplier Window Materials
UV-Cutoff (nm) 50% Transmission Point (nm)
Material
(10% Transmission) 2 mm Thick
UV Grade LiF 105 122
UV Grade MgF 2  110 125-
UV Grade CaF 2  110 126
UV Grade BaF 2  135 150
UV Grade Sapphire 145 160
Fused Silica 
-160 175
Corning 9741 Glass 200 230
Corning 7056 Glass 270 310
Table II
Luminiscence Efficiencies of PMT Window Materials and Some Scintillator Materials for
UV, UV-Visible, and Visible Photocathodes
PMT 542F-08; Oav = 0.06 541N-09; 1rav = 0.15 FW 
13 0 ; rav = 0.18
100nm <X<300nm 130nm <X<430nm 320 <X <570nm
Photons/ Photons/ Photons/ Remarks
Material cts/ 1 MeV 100nm, cts/l MeV 100nm, cts/1 MeV 100nm,
1 MeV, 41r 1 MeV, 47r 1 MeV, 47r
MgF 2
UV Grade, Manufacturer A 0.8 13 8 36 32 142
UV Grade, Manufacturer B 1.3 21 5 22 15 67
UV Grade (A), irradiated
2 x 1013 e-cm- 2 (1-MeV) 1.1 18 25 110 85 380
Optical Grade 1.4 23 9 40 52 
230
UV-Grade - 17 76 -
-
Faceplate of PMT
LiF
UV Grade 2.5 42 10 44 9 40
UV Grade, irradiated
5 x 1012 e-cm- 2 (1-MeV) 2.2 37 14 62 22 98
UV Grade, irradiated
>2 x 1013 e-cm- 2 (1-MeV) <2(a) <35 17 75 25 110
Optical Grade 1.7 28 10 45 19 
85
UV Grade 3 50 - -
- Faceplate cf PMT
02 Doped (a) 53 235 83 370 
Intentionally
doped with
Oxygen
Table II (Continued)
PMT 54 2F-08; 17av = 0.06 541N-09 ; 1av = 0.15 FW 130; 77av = 0.18
100nm <h<300nm 130nm <X <430nm 320 <X < 570nm
Photons/ Photons/ Photons/ Remarks
Material cts/l MeV 100nm, cts/l MeV 100nm, cts/1 MeV 100nm,
1 MeV, 4r 1 MeV, 4r f 1 MeV, 4r
CaF2
Optical Grade
Manufacturer A 45 750 205 910 430 1900
Optical Grade,
Manufacturer B 41 680 200 890 350 1550
Sample C 42 700 220 980 300 1330 Regrown by
Czochralski
Method from
Optical Grade
(B) Material
BaF 2
Optical Grade,
Manufacturer A 26 430 152 675 420 1870
Optical Grade,
Manufacturer B 26 430 170 755 440 1960
Al 2 03
Sample #1 4-- 70 26 115 120 533 All samples areSample #2 Not Measured 22 100 87 386 "UV Grade"Sample #3 3 50 19 85 26 115Sample #4 2 35 20 90 200 890Sample #5 3 50 20 90 28 125
Table II (Continued)
542F-08; 77av = 0.06 541N-09; 7av = 0.15 FW 
130 ; Rav = 0.18
PMT 100nm <X<300nm 130nm <X <430nm 320 <X <570nm Remarks
Photons/ Photons/ Photons/
Material cts/1 MeV 100nm, cts/1 MeV 100nm, cts/1 MeV 100nm,
1 MeV, 41r 1 MeV, 4ir 1 MeV, 41r
Spectrosil 1.2 20 6.5 29 9 40
7940 1 17 6 27 8 35
Suprasil 1 17 7 31 9 40
8337 Glass (a) 8 35 15 67
9741 Glass (a) 6 27 17 75
7056 Glass (a) 2(a) 9 8 35
Plastic Scintillator (a) 250 1120 360 1500
CsI
Undoped (a) 170 755 240 1070
Na-Activated (a) 680 3020 2400 10,700
T1-Activated (a) 825 3650 4200 18,700
'(a) Self-absorbing
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Table III
Absolute Scintillation Efficiencies of CsI(Ti), CsI(Na),
CsI, and Plastic Scintillator
Absolute Scintillation Efficiency (%)
Material Present Work Ref. 5, 8
541N-09 S-20 S-11
CsI(TI) 18 20 6 to 7
Cs(Na) 5.8 7. 8 4.5
CsI 1.2 0.8 
-
Plastic Scintillator 2. 1 2,
Table IV
Decay Parameters of Phosphorescence
I,(t) = li exp-(t- 
1 min)
i
Count Rate; sec-1(2r ster) - l ab RMS Error %
Time Constants r2 
r Total Remarks
Material (min) Sample # 11 12 13 14 
1  3 4R
MgF 2  TI = 4.4 1 1.4 x 105 3.1 x 10
4  3 x 103  * 4.7 2.4 2.8 * 7.5 UV grade
2 1.2 x 106 2.1 x 105 2 x 104 4.2 5.4 1.2 * 10 UV grade (old)
2 = 200 2a(c) 6.7 x 105 1.1 x 104 0 2.9 
12.8 - - 20 UV grade (old)
T3 = 3600 3 4.9 x 105 5 x 10
4  0 5.6 2.5 - - 12 Optical grade
4 1.3 x 10
4  2.4 x 103  0 - 3 1.8 - - 16 UV grade
5 4.6 x 103 2.5 x 113 4.7 x 102 * 7 9.2 9.4 -
11 UV grade
6 1.1 xlO 7.4x103 1.4 x 109 5.6 5.6 * 16 after 
2x 101 3ecm 2 ( MeV)
LiF 71 = 4.6 1 2.1 x 105 6.9 x 105 3.5 x 104 8.2 x 103 
8.7 1 7 2.7 9.5 UV grade (old)
T2 = 20 2 1.8 x 104 9.6 x 114 3.4x 
103 * 7.6 1.5 1.8 * 6.3 Optical grade
73 = 740 3 1.8 x 10
4  1.5 x 104 4.6 x 102 * 3.5 1.6 4.5 * 15 UV 
grade
74 = 5600
BaF 2  ' = 2 1 6.3 x 106 
'2.8 x 106 8.3 x 104 * 2.8 1.4 5.4 * 7 Optical 
grade
T2 = 45
7r = 580
CaF 2  1 = 2.7 I 2.7 x 10
6  3.9 x 105  1.1 x 105 * 4 0.03 Optical grade
T2 = 
14
T3 = 150 2 x 105 1.5 x 10 * 25 3 
0.4 * 3
A203 r = 1.8 1 2.6 x 10
5  5.3 x 103  5.3 x 102 0 4.5 20 3 * 23
2 =14 2 8x10
4  1.2 x (103 0 - 3 11 - - 14
r3 = 227 3 2.8x10
3  1xlO 2  0 - 1.7 10 - - 8 
UV grade
4 4.6 x 102 1 x 10
2  5.2 x 10 0 3 9 0.05 - 8
5 1.3 x 102  2.3 x 101 0 - 2.5. 2.5 - -
30
9741 glass r7 = 4.2 1 6.5 x 103 2.6 x 103 0 5 2 - - 7 as received
27 = 57 2 2.6 x 10
4  1 x (14  0 - - 7 after 10'4ecm
- 2 (1 MV)
a)N-09 Photocathode
b)After p-excitation of 9.5 x 1010cm - 2 (0.25 MeV average energy)
C)Sample 2 after O-excitation of 9.5 x 109cm- 2 (0.25 MeV)
*Not determined to
ONot significant within accuracy of measurement 
CO
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Table V
= Phosphorescence Intensity at t = 1 mn
Fluorescence Intensity under steady state electron excitation
Material ( Photomultiplier: 541 N-09
MgF 2
UV Grade 0.250 x 10-
0.200 x 10 - 3
Optical Grade 10.000 x 10-3
5. 000 x 10 - 3
LiF
UV Grade 1.000 x 10- 3
Optical Grade 3.000 x 10 - 3
CaF2
.0.400 x 10 3
to 4.000 x 10 -3
BaF 2  16.000 x 1 -3
Sapphire
#1 2.500 x 10 - 3
#2 not measured
#3 0.050 x 10 - 3
#4 0.010 x 10 - 3
#5 0.005x.10- 3
Spectrosil <0.002 x 10 - 3
Suprasil 0.020 x 10 - 3
UV Glasses 0. 500 x 10-3
1.000 x 10 - 3
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FIGURE CAPTIONS
s a Spectrum off StronJt.ium - LY ,Ul1tiu EquillbUrium
Mixture
Figure 2. Spectral Response Curves of CsTe (542F), Bialkali (541N) and S-20
(FW 130) Photocathodes
Figure 3. Schematic Diagram of Measurement Setup
Figure 4. Spectral Emission Curves of Magnesium Fluoride Samples
(1) UV-Grade; (2) Optical-Grade; (3) UV-Grade After Irradiation
with 2 x 1011 e-cm -2 (1MeV); (4) UV-Grade After Irradiation with
2 x 10 13 e- cm - 2 (1 MeV)
Figure 5. Spectral Emission Curves of Lithium Fluoride Samples
(1) Optical-Grade; (2) UV-Grade After Irradiation with - 1011 e-em-2
(1MeV); (3) UV-Grade After Irradiation with -5 x 1012 e-cm-2
(1MeV); (4) Oxygen-doped LiF. Insert: Spectral Transmissions
of Samples (2), (3) and (4)
Figure 6. Emission Spectra of Calcium Fluoride, Barium Fluoride, Sapphire
and Fused Silica
Figure 7. Phosphorescence Decay of Magnesium Fluoride After Exposure to
0.4m CiSr 9 0 -Y 9 0 for 30 min. (9.5 x 10 10 e- cm- 2 of 0.25MeV
average energy)
(1), (4) and (5): Present-day UV-Grade MgF 2
(2): PMT-Faceplate, representative of "State-of-the-art" UV-grade
MgF 2 of about 1968
(2a): Same as (2), except for shorter exposure time of 3 min.
(3): Present-day optical-grade
(6): UV-Grade, irradiated to 2 x 1013 e-cm-2 (1MeV)
Figure 8. Typical Phosphorescence Decay Curves of BaF2, CaF2 , LiF,
Al 20 3 and 9741 glass, after Exposure to0.4mCi Sr 90 -Y
90 for
30 min. (9. 5 x 1010 e- cm - 2 of 0. 25 MeV average energy)
Figure 9. Calculated electron and proton induced count-rates for peak flux
densities of OSO orbits (550 km) as a function of effective shielding.
Curves are representative of S-20 photocathodes on 2.5 cm dia/1 mm
thick 7056 glass and bialkali cathodes on UV-grade MgF 2 or LiF of
the same dimensions.
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